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bstract
ow temperature firing, non-stoichiometric zinc molybdate (11ZnO–10MoO3) dielectric ceramics (NSZM) were prepared by the mixed oxide route
ith additions of B2O3. All products were sintered at 850–950 ◦C to over 96% theoretical density with co-existence of ZnMoO4 and Zn3Mo2O9
hases. The addition of B2O3 reduced the proportion of Zn3Mo2O9 secondary phase. The relative permittivities of NSZM samples ranged from
.2 to 11.1; the breakdown strength was between 14.3 and 17.6 kV/mm. Impedance spectroscopy suggested that charge transport in the grain
oundary region governed the breakdown strength. NSZM prepared with 1.0 wt% B2O3 exhibited a relative permittivity of 11.1, dielectric strength
f 17.6 kV/mm, thermal expansion coefficient of 4.7 ppm/K and thermal conductivity of 1.3 W/(m K). The results indicate that NSZM is a promising
andidate for dielectric and high temperature insulation applications.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
y/4.0/).
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[.  Introduction
The modern aviation industry is moving towards the concept
f the ‘More Electric Aircraft (MEA)’ which involves replac-
ng on-engine pneumatic and hydraulic systems with electrical
achines [1]. In this way the reliability of the aircraft is improved
y reducing the number of gearboxes and fuel efficiency is
mproved by the reduction of weight [2]. As a consequence
here is growing interest in the use of electrical machines (motors
nd generators) at temperatures higher than 350 ◦C [3]. Conven-
ional polymeric coated wires are not suitable for the electrical
indings because the insulation cannot withstand such high
emperatures for extended periods.
Traditional ceramic insulators [4] (e.g. Al2O3 and AlN) are
andidates for high temperature wire insulation because of their
xcellent dielectric and thermal properties. Unfortunately, the
igh temperatures [5] required to produce dense coatings of
hese materials would prohibit co-firing with the Cu conductors.
∗ Corresponding author. Tel.: +44 161 306 3564.
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955-2219/© 2015 The Authors. Published by Elsevier Ltd. This is an open access aowever, low temperature co-fired ceramic (LTCC) technol-
gy may offer a solution [6]. Any LTCC candidate material for
he insulation applications should have (i) sintering tempera-
ure lower than the melting point of Cu (1081 ◦C) to enable
o-firing with the conductor materials, (ii) low relative permit-
ivity (εr) to suppress discharges under high-voltage conditions,
iii) adequate dielectric strength (>10 kV/mm) to enable its oper-
tion at high voltage levels, (iv) thermal expansion coefficient
lose to that of Ni (13 ppm/K) to minimize the thermal stress
nder thermal-cycle conditions and (v) high thermal conduc-
ivity to dissipate the I2R  heat generated (by the conductor)
uickly to ambient environments [4]. Molybdate based ceramics
eet many of these requirements; they can be sintered at low
emperatures and exhibit good microwave dielectric properties
7–10]. Zhou et al. [7] showed that Li2Zn2Mo2O12 ceramic sin-
ered at 650 ◦C exhibits a low relative permittivity of 11.1 and
 high dielectric quality factor (product of Q  and measurement
requency f) of 55,000 GHz. Although the lithium molybdates
ave ultra-low sintering temperatures, Sebastian et al. [8] sug-
ested that for the Mg analogue (Li2Mg2Mo3O12) highly mobile
i+ ions can cause increased conductivity at 400 ◦C; this may
imit the use of such materials in high temperature insulating
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pplications. Choi et al. [9] investigated the family of AMoO4
eramics (A = Ca, Sr, Ba, Mg, Zn, Mn), and found that ZnMoO4,
intered at 950 ◦C, exhibits acceptable microwave dielectric
roperties: εr < 15, Qxf >30,000 GHz. Whilst the LTCC mate-
ial ZnMoO4 is considered to be a good candidate for microwave
ielectric applications [9], there are no published data for dielec-
ric strength, thermal expansion or thermal conductivity. In a
ubsequent study, Guo et al. [10] was not able to sinter ZnMoO4
o greater than 94% theoretical density; the resulting porosity
ould have an impact on both dielectric strength and thermal
onductivity of the ceramic insulator.
B2O3 has frequently been employed as a fluxing agent for
reparation of LTCC materials. By adding 3 wt% B2O3 to
aWO4, Kim et al. [11] were able to reduce the optimum sinter-
ng temperature from 1100 to 900 ◦C. Sarkar et al. [12] reported a
eneficial increase in the dielectric strength of BaTiO3 prepared
ith borate additions. Thus, B2O3 is a valuable sintering addi-
ive that can simultaneously reduce the sintering temperature
nd improve breakdown strength.
The objective of the present study was to investigate the
rocessing and properties of ZnO–MoO3 based ceramic materi-
ls, with a view to exploring their suitability as low temperature
ring materials for dielectric and high temperature insulation
pplications.
.  Experimental
Zinc molybdate ceramics ZnMoO4 (abbreviated as ZMO)
ere synthesized via conventional mixed oxide route. Stoichio-
etric ZnO and MoO3 powders (both 99.95%, from Alfa Aesar)
ere mixed and wet milled for 24 h using propan-2-ol and yttria-
tabilized zirconia media. The mixture was dried in an oven,
alcined at 600 ◦C in air for 16 h, then re-milled for 24 h and
ried. The resulting powder was pressed into pellets of 10 mm
iameter and sintered in air at 650–850 ◦C for 2 h. To improve
ensification of zinc molybdate, the ZnO and MoO3 powders
ere mixed in a non-stoichiometric ratio of 11:10 (denoted as
SZM). The mixed powders were processed in a similar way
o the stoichiometric formulation, but milled, dried and cal-
ined at 700 ◦C for 16 h, re-milled, dried and pressed into pellets
hich were sintered at 800–950 ◦C in air for 2 h. In additional
atches, 0.5, 1.0 and 2.0 wt% B2O3 was added to calcined NSZM
owders (denoted as NSZM05B, NSZM10B and NSZM20B,
espectively) and ball milled for a further 24 h. These powders
ere dried, pressed into pellets and sintered in air at 850–950 ◦C
or 2 h.
Bulk densities of the sintered pellets were determined by the
rchimedes’ method. Phase identification and crystal structure
nalysis of the sintered products were undertaken using a Philips
’PERT X-ray diffraction (XRD) system (PW1700) over the 2θ
ange 10–60◦ in steps of 0.05◦. All sintered specimens were
round using 1200 grade SiC paper before analysis. The lat-
ice parameters and phase composition were determined using
he Rietveld refinement method [13] using Topas 4.1 software.
efore microstructural analysis, samples were ground on 2500
nd 4000 SiC papers, and polished using colloidal silica sus-
ension. The microstructures of the polished specimens were
3
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xamined by a Philips XL 30 Field Emission Gun Scanning
lectron Microscope (SEM) equipped with energy dispersive
pectroscopy facility for chemical analysis.
The relative permittivity was determined at room tempera-
ure as a function of frequency from 1 kHz to 1 MHz using a
ewlett Packard 4192A LF impedance analyser. Measurements
ere made in parallel plate capacitor mode; specimens were in
he form of discs, 10 mm diameter and 1 mm thick. The planar
urfaces of the specimens were sputtered with a thin layer of
latinum. For impedance analysis the same type of specimens
ere instead coated with silver paste and annealed at 550 ◦C for
0 min in air. Impedance spectra were collected from 5 Hz to
2 MHz at temperatures of 25–600 ◦C (in steps of 25 ◦C) using
he HP 4192A LF impedance analyser.
The dielectric strength was determined by a method based on
he ASTM standard [14]. Specimens were 10 mm diameter discs
nd 1 mm thick. Planar surfaces were ground on SiC down to
000 SiC grade, polished on 0.25 m diamond cloth and cleaned
n acetone. Newly polished, hemispherical shaped brass elec-
rodes (40 mm diameter) were clamped to planar faces, and the
est unit was immersed in an oil bath to suppress corona effects.
he electrodes were connected to an 80 kV Ferranti step up trans-
ormer operating at 60 Hz. The applied voltage was increased
niformly at 500 V s−1 until electrical breakdown occurred.
The coefficient of thermal expansion of sintered NSZM sam-
les was determined using a Netzsch DIL-420 PC dilatometer.
amples 10 mm diameter and 10 mm long were heated from
5 ◦C to 500 ◦C at a rate of 3 ◦C min−1. Thermal diffusivity
as determined using the laser flash technique (in-house facil-
ty); heat capacity was determined using a Netzsch STA-449-C
ifferential Scanning Calorimeter, with measurements made up
o 500 ◦C using a sapphire standard. From the heat capacity
Cp), thermal diffusivity (λ), and bulk density (ρ), the thermal
onductivity (κ) was calculated from Eq. (1):
 =  Cpλρ (1)
.  Results  and  discussion
.1.  Densiﬁcation
Stoichiometric ZnMoO4 ceramics (ZMO) sintered at
50–850 ◦C achieved a maximum density of only 3.82 g/cm3
88% theoretical), consistent with the findings of Guo et al.
10]. In contrast for the non-stoichiometric ceramics, densities
n excess of 96% theoretical were readily achieved (Fig. 1 and
able 1). The density of NSZM samples increased with sintering
emperature, reaching 96.2% theoretical by 950 ◦C. Addition of
2O3 to the starting formulations enabled liquid phase-assisted
intering, and a reduction in the sintering temperature; for sam-
les prepared with 1 wt% B2O3 (NSZM10B), for example, the
ptimum sintering temperature was 850 ◦C (Fig. 1)..2.  Phase  analysis
X-ray diffraction spectra for sintered bodies of ZMO,
SZM and NSZM prepared with additions of B2O3 are shown
Z. Wang, R. Freer / Journal of the European Ceramic Society 35 (2015) 3033–3042 3035
Table 1
Optimum sintering temperatures, relative (ρr) densities, theoretical densities (ρt), phase compositions, and relative permittivities of ceramic samples.
Sample Optimum temperature (◦C) ρr (%) ρt (g/cm3) Phase composition εr at 1 MHz
ZnMoO4 (vol%) Zn3Mo2O9 (vol%)
ZMO 780 87.4 4.37 100 –
NSZM 950 96.2 4.34 56.5 ± 1.5 43.5 ± 1.5 9.2 ± 0.5
NSZM05B 900 96.7 4.35 74.2 ± 2.0 25.8 ± 2.0 10.7 ± 0.6
NSZM10B 850 97.6 4.35 
NSZM20B 850 96.8 4.36 
F
i
i
p
a
γ
A
Z
w
α
r
a
e
t
a
i
S
d
a
N
b
e
m
o
c
o
c
e
Z
a
d
t
t
N
z
Z
B
to the formation of a Bi O –B O glass phase which was not
F
cig. 1. Relative density as a function of sintering temperature for NSZM ceram-
cs ( NSZM, NSZM05B, NSZM10B and NSZM20B).
n Fig. 2a. In the ZMO samples, ZnMoO4 was the only
hase detected. The lattice parameters were determined to be
 = 9.708 A˚, b  = 6.971 A˚, c = 8.380 A˚, α  = 101.720◦, β  = 96.767◦,
 = 106.868◦, in satisfactory agreement with the work of
braham [15]. In all the NSZM samples a secondary phase
n3Mo2O9 was found. The lattice parameters of Zn3Mo2O9
ere determined to be a  = 7.779 A˚, b  = 7.148 A˚, c  = 8.390 A˚,
 = 117.456◦, in agreement with the work of Seohnel et al. [16].
With increasing B O content in the NSZM samples, the X-2 3
ay diffraction peaks for the two primary phases moved lower
ngles, indicating increases in lattice parameters. There is much
vidence to show that addition of B2O3 to ceramics can affect
d
o
a
ig. 2. (a) X-ray diffraction spectra for ZMO, NSZM and B2O3 added NSZM sampl
ontent in the NSZM samples.83.9 ± 1.9 16.1 ± 1.9 11.1 ± 0.7
88.5 ± 3.2 11.5 ± 3.2 10.3 ± 0.6
he lattices parameters [17–19]. For example Qi et al. [18]
ttributed the lattice expansion in B2O3 doped BaTiO3 ceram-
cs to the incorporation of boron ions into interstitial sites.
imilarly, Rietveld refinement of the present X-ray diffraction
ata (Fig. 2b) shows that lattice parameters of both ZnMoO4
nd Zn3Mo2O9 increased with increasing B2O3 content in the
SZM formulations, possibly as a result of interstitial diffusion
y boron.
The Rietveld refinement of the X-ray diffraction spectra also
nabled the phase content of the NSZM samples to be deter-
ined; the results are presented in Table 1 along with the
ptimum sintering temperatures, relative (ρr) densities, theoreti-
al densities (ρt), phase compositions, and relative permittivities
f the ceramic samples. It was found that the NSZM samples
omprised 56.5 vol% ZnMoO4 and 43.5 vol% Zn3Mo2O9, as
xpected for the 11:10 non-stoichiometric composition on the
nO–MoO3 phase Diagram [20]. The addition of increasing
mounts of B2O3 to NSZM starting powders led to a systematic
ecrease in the proportion of the Zn3Mo2O9 secondary phase in
he NSZM products. The addition of only 2 wt% B2O3 caused
he Zn3Mo2O9 content to fall dramatically from 43.5 vol% in
SMZ (zero B2O3) to 11.5 vol % in NSZM20B. For a related
inc-based system, Liu et al. [21] found that additions of B2O3 to
nO–Bi2O3–Sb2O3 based varistors led to disappearance of the
i2O3-enriched grain boundary phase; Liu et al. attributed this2 3 2 3
etected by XRD. It is possible that a similar mechanism could
perate for B2O3 added NSZM samples. Further investigations
re required to confirm this speculation.
es; and (b) lattice volumes for ZnMoO4 and Zn3Mo2O9 as a function of B2O3
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.3.  Microstructural  analysis
The low density ZMO samples exhibited very poor mechani-
al integrity and could not be polished. Fig. 3a therefore shows a
racture surface of ZMO sintered at 780 ◦C. It is clear there has
een rapid grain growth (grains typically 40–100 m in size)
ith micron-sized pores in the large grains. A low melting tem-
erature eutectic at 710 ◦C in the ZnO–MoO3 phase diagram
16] is believed to be responsible for the rapid grain growth of
nMoO4.
Fig. 3b shows an SEM micrograph of the polished surface of a
SZM ceramic. The most striking feature is the contrast between
he small and large sized grains. EDS analysis revealed that the
arge grains corresponded to the ZnMoO4 primary phase whilst
he small grains were the Zn Mo O second phase. There is also3 2 9
ome evidence of micro-cracks (Fig. 3b). The development of the
econdary phase had a major impact on growth of the primary
hase; the ZnMoO4 grains were rarely larger than 20 m in
p
c
I
ig. 3. SEM micrographs of (a) ZMO, (b) NSZM, (c) NSZM10B, (d) NSZM20B (high
haped phases (indicated by arrows) are inferred to be glass equivalent to 55ZnO–15Ceramic Society 35 (2015) 3033–3042
SZM. The small grains of Zn3Mo2O9 appear to have pinned
he grain boundaries of the primary phase ZnMoO4, significantly
estricting its growth.
Although the microstructures of the samples prepared with
oron, NSZM10B and NSZM20B (Fig. 3c and d), are simi-
ar to that of NSZM (Fig. 3b), there is an additional, irregularly
haped phase in the B-containing samples. The dominant phases
Fig. 3c–e) correspond to ZnMoO4 and Zn3Mo2O9; EDS anal-
sis of the irregularly shaped phase gave a Zn:Mo:O ratio of
1.1:6.2:72.7, approximately equal to 55:15:190. This corre-
ponds to neither ZnMoO4 nor Zn3Mo2O9. Furthermore, the
rregular shape of the extra phase suggests it may be glassy,
nd potentially the 55ZnO–15MoO3–30B2O3 phase reported
y Kim et al. [22] in an investigation of ZnO–MoO3–B2O3
ernary glasses. Although the boron content in the present sam-
les could not be determined by EDS, the zinc and molybdenum
ontents are in the correct ratio for 55ZnO–15MoO3–30B2O3.
t is inferred that the ZnO–MoO3–B2O3 ternary glass phase
 magnification) and (e) NSZM20B (low magnification). In (c–e), the irregularly
MoO3–30B2O3.
Z. Wang, R. Freer / Journal of the European 
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For most polycrystalline ceramics, impedance analysisig. 4. Relative permittivity as a function of frequency for NSZM samples.
ormed during the sintering of the NSZM ceramics prepared with
dded B2O3 (Fig. 3c–e). Indeed, the amount of the phase inter-
reted as glass, increases with the amount of boron additions;
ess than 2 vol% in NSZM05B and NSZM10B, but ∼5 vol% in
SZM20B samples. A review of relevant phase diagrams pro-
ides further support for the existence of a glass phase. In the
nO–B2O3 binary system [23] there is partial melting above
00 ◦C; for the ZnO–B2O3–MoO3 ternary system, Kim et al.
22] confirmed the formation of xZnO–yMoO3–zB2O3 glasses
f a wide range of compositions at 500 ◦C. Aleksandrov et al.
24] recently found that crystalline ZnMoO4 was precipitated
rom ternary ZnO–MoO3–B2O3 glasses during cooling. It is
herefore plausible that during sintering of the NSZM ceram-
cs, the limited amount of B2O3 led to the formation of a
nO–MoO3–B2O3 liquid phase which encouraged the precipi-
ation of additional ZnMoO4 during cooling and a net reduction
n the proportion of Zn3Mo2O9. In this way the ZnMoO4 phase
ame to dominate the Zn3Mo2O9 phase (Table 1).
Using the approach of Wurst et al. [25], the average grain
ize of the individual phases in NSZM samples was determined.
ith increasing B2O3 addition to NSZM, the average size of
nMoO4 grains decreased from 13.7 ±  1.4 to 10.9 ±  1.1 m and
he average size of Zn3Mo2O9 grains decreased from 6.3 ±  0.6
o 4.4 ±  0.4 m. By use of the linear intercept method [26], the
verage global grain sizes of NSZM samples decreased from
.9 ±  0.8 to 7.1 ±  0.7 m with the increase of B2O3 concen-
ration. Thus grain sizes were not significantly affected by the
ddition of B2O3.
.4.  Relative  permittivity
The relative permittivity (εr) of the samples as a function of
requency is shown in Fig. 4. Differences in εr were most pro-
ounced at the lowest frequencies. At 1 kHz the NSZM exhibited
he highest εr of 16.9, but εr decreased systematically in samples
repared with increasing amounts of B2O3 to 12.7 (NSZM20B).
y 10 kHz all εr values were very close (∼11.5 ±  1.0), but with
ncreasing frequency to 1 MHz there was little variation in εr for
he boron-containing samples (reducing steadily to 10.7 ±  0.6,
ith any differences attributable to density differences – Table 1)
hilst εr of NSZM decreased to 9.2 ±  0.6. These values are
r
i
rCeramic Society 35 (2015) 3033–3042 3037
ess than the relative permittivity of 12.2 reported by Guo et al.
10] for fully dense ZnMoO4 at microwave frequencies, but are
ery close to values of 9–11 reported for the lyonsite-structured
i2Zn2Mo3O12 [7].
Li et al. [27] identified strong dielectric dis-
ersion in composite ceramics in the system
1−x)Ni0.8Zn0.2Fe2O4–xSr0.5Ba0.5Nb2O6 (0.5 < x < 1) and
oted the dispersion became weaker as the volume fraction of
econdary phase decreased. This was attributed to a reduction
n the number of interfaces in the material that gave rise to
axwell–Wagner polarization. In the NSZM system there is
imited evidence of dielectric dispersion (Fig. 4), but it becomes
eaker with the addition of B2O3, and the reduction in the
roportion of Zn3Mo2O9 secondary phase. A possible inference
s that the presence of Boron and reduction in the second phase
ontent contributes to a weakening of interfacial polarization.
In NSZM samples with a significant fraction of second phase
t is clear that the εr of Zn3Mo2O9 will have an impact on the
verall relative permittivity. Although there is no published rel-
tive permittivity for Zn3Mo2O9, a value can be calculated by
he Clausius–Mossotti Equation [28,29]:
r = 3Vm +  8πα3Vm −  8πα (2)
here Vm is the molar volume and α  is the molecular polariz-
bility of the compound. The molar volumes of ZnMoO4 and
n3Mo2O9 (52.33 and 246.23 cm3 mol−1 respectively) were
alculated from X-ray diffraction data. Using ionic polarizabil-
ty data of Shannon et al. [28] the molecular polarizabilities were
btained by the additivity rule [30]; α  = 13.36 and 30.77 A˚3 for
nMoO4 and Zn3Mo2O9 respectively. Starting with ZnMoO4,
he calculated relative permittivity of 6.47 is in poor agreement
ith the value determined by Guo et al. [9] (12.2). Shannon et al.
28] attributed the deviation of calculated relative permittivities
rom those determined experimentally (in some crystalline mate-
ials) to the rattling or compression of the cations that usually
ave larger or smaller ionic polarizabilities respectively. Choi
t al. [9] suggested that the small Zn2+ cation in ZnMoO4 does
ndeed rattle in this way.
Moving to Zn3Mo2O9, the calculated relative permittivity of
he material is only 4.7, much lower than that for ZnMoO4. Rec-
gnizing that the Clausius–Mossotti relationship seems to under-
stimate εr for the zinc molybdate compounds, a value was cal-
ulated independently from the experimental data for the NSZM
aterials at 1 MHz (Table 1) by the log volume relationship,
orrected to full density; this gave a minimum value of 7.1. Nev-
rtheless, there appears to be a significant difference between the
elative permittivities of the two phases, which could contribute
o Maxwell–Wagner polarization, and net dispersion, in the dual-
hase NSZM ceramics with a large fraction of second phase.
.5.  Impedance  analysiseveals information about relaxation processes [31,32], includ-
ng bulk/grain relaxation and grain boundary relaxation; each
elaxation mechanism corresponds to a peak in a Bode plot of
3038 Z. Wang, R. Freer / Journal of the European Ceramic Society 35 (2015) 3033–3042
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pig. 5. Bode plots of the impedance data for NSZM ceramics at 525–600 ◦C,
ndicating the characteristic peak frequency at each temperature.
he impedance data [31]. High temperature impedance spectra
400–600 ◦C) for the NSZM ceramics plotted in the Bode for-
at exhibited only single peaks due to the frequency limit of the
easurements. Fig. 5 shows data collected at 525–600 ◦C. By
tting the data to a simple equivalent circuit consisting of a resis-
or and a phase constant element (CPE) connected in parallel, the
apacitance of the arc for the NSZM sample (CPE), Fig. 5, was
ound to be 1.06 ×  10−10 F. This value is in the range expected
or grain boundary process [31]. In contrast, the capacitance val-
es for the arcs in the B2O3 added NSZM samples fell in the
ange 7.28 ×  10−12 to 9.22 ×  10−12 F, implying instead a bulk
esponse and relaxation process [31].
On the basis of the impedance data, charge transport in the
SZM samples appears to be dominated by grain boundary
ransport, perhaps reflecting the large proportion of small sec-
ndary phase (Zn3Mo2O9) grains in the NSZM samples. The
ddition of B2O3 to the NSZM formulation led to a signifi-
ant reduction in the proportion of Zn3Mo2O9 (Table 1); the
mpedance data suggests a change to a bulk conduction mecha-
ism in the B2O3 added NSZM samples.
Fig. 5 shows that with increasing temperature the character-
stic relaxation frequency increases, consistent with the findings
f Wang et al. [32,33] for barium titanate-based materials. Wang
t al. [32] argued that the increase in the relaxation frequency
ith temperature is caused by increased charge mobility at
igher temperatures. The relaxation time (τ) for each sample at
ach temperature was determined as the reciprocal of the angular
requency (ω), or 1/(2πf) where f is the frequency of the relax-
tion peak in the Bode plot. The resulting relaxation times for
SZM-based samples are plotted (Fig. 6) in Arrhenius format
32]:
(T  ) =  τ0 exp
(
− Q
RT
)
(3)
here τ(T) is the temperature dependent relaxation time, τ0 is
he pre-exponent factor, T is the absolute temperature, R is the
as constant and Q  is the activation energy for the relaxation
rocess. The calculated activation energies for the NSZM-based
amples are presented in Table 2. There is a clear division in the
ata for the B2O3 added NSZM samples (0.75–1.06 eV), and
he NSZM samples (2.25 ±  0.38 eV). All values are suggestive
1
t
tig. 6. Arrhenius plot of charge relaxation times for NSZM-based samples.
f ionic transport. The data for the first group (associated with
ulk transport) is in broad agreement with the range of activa-
ion energies (0.61–1.24 eV) reported for the motion of oxygen
acancies [34–40]. Charge transport in the B2O3-added NSZM
ample may therefore be associated with oxygen vacancies. In
ontrast, the activation energy for the NSZM samples (with-
ut B2O3) was much higher at 2.25 ± 0.38 eV, and is associated
ith a grain boundary transport process. Whilst it is still in
he range reported for lattice  diffusion of oxygen in oxides
41–43] it is also consistent with the activation energy (1.9 eV)
eported for Maxwell–Wagner relaxation in LaAlO3 ceram-
cs [44] above 250 ◦C. Therefore, the higher activation energy
or relaxation in NSZM could be related to Maxwell–Wagner
olarization, which usually occurs at the interface between
aterials having different relative permittivities and electrical
onductivities [45,46]. Although the electrical conductivities for
nMoO4 and Zn3Mo2O9 are not available, the relative permit-
ivities of the two materials are significantly different (Section
.4). In the NSZM samples, there was a significant amount of
n3Mo2O9 secondary phase (43.5 vol%) concentrated in regions
etween the grains of the primary phase (Fig. 3b). Therefore
axwell–Wagner polarization is a distinct possibility in the
rain boundary regions of the NSZM samples. Such polarization
ould tend to hinder space charge migration across grain bound-
ries, leading to a higher activation energy. Furthermore, the
xistence of weak dielectric dispersion (Section 3.4) is consistent
ith Maxwell–Wagner polarization.
Since the addition of B2O3 to NSZM caused a significant
eduction in the proportion of the Zn3Mo2O9 secondary phase
Table 1) Maxwell–Wagner polarization would be less effective,
nd indeed there was minimal dielectric dispersion (Fig. 4), and
ulk relaxation processes dominated, leading to lower activation
nergies.
.6.  Dielectric  strength
The dielectric breakdown strengths of the NSZM-based sam-
les are presented in Table 2. The average values are in the range
4.2–17.6 kV/mm, and broadly increase with B2O3 content of
he starting powder. These dielectric strengths are comparable
o those of commercial Al2O3 and AlN ceramic insulators [47]
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Table 2
Physical properties of NSZM samples: activation energy for charge relaxation (Q), dielectric strength (Eb), coefficient of linear expansion, (α) and thermal conductivity
(κ).
Sample Q (eV) Eb (kV/mm) α at 25–500 ◦C (ppm/K) κ at 350 ◦C (W/m K)
NSZM 2.25 ± 0.38 14.2 ± 0.8 6.7 1.00 ± 0.03
NSZM05B 1.06 ± 0.06 16.7 ± 0.7 1.21 ± 0.04
NSZM10B 0.84 ± 0.12 17.6 ± 0.5 
NSZM20B 0.75 ± 0.07 17.5 ± 0.7 
Fig. 7. Activation energy for charge relaxation (Q) and dielectric strength (Eb)
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sed for high-voltage applications but processed at much higher
emperatures.
Fig. 7 shows the dielectric strength and activation energy for
harge relaxation as a function of volume fraction of secondary
hase (Zn3Mo2O9). With increasing secondary phase, there is
 simultaneous increase  in the activation energy for charge
elaxation and decrease  in the dielectric strength. In a related
tudy of polyimide–alumina composites, Li et al. [48] found
 decrease in the dielectric strength with increasing alumina
ller content. They suggested that the presence of an increas-
ng fraction of alumina, with very different relative permittivity
nd electrical conductivity to the host polyimide phase, would
enerate significant Maxwell–Wagner polarization [46]. In the
ase of BaTiO3 ceramics, Wang et al. [32] and Huang et al.
33] argued that the high activation energy for charge relaxation
s related to low dielectric strength, because a high activation
nergy hinders charge migration in the material. This would
ead to inhomogeneous charge distributions at interfaces [33,49]
nd charge concentrations at local defects (e.g. grain boundaries
nd voids), thus encouraging breakdown at much lower elec-
ric fields. By analogy it is inferred that the NSZM ceramics
prepared without B2O3 addition) exhibited a low breakdown
trength (14.2 kV/mm) because the high content of second phase
ncouraged Maxwell–Wagner polarization, leading to a high
harge relaxation activation energy of 2.25 eV. In contrast, for the
2O3 added NSZM samples the second phase content was muchower, the activation energy for charge relaxation (0.75–1.06 eV)
as significantly lower (possibly by transport of oxygen vacan-
ies) and the resulting breakdown strength was much higher
16.7–17.6 kV/mm).
W
s
a
c4.7 1.32 ± 0.04
1.21 ± 0.04
.7.  Thermal  expansion
If a ceramic is to be used in contact with a metal, either
s power conductor or electrode, then the coefficient of ther-
al expansion (CTE) values should be as close as possible to
inimize stresses at the interfaces. Thermal expansion data for
elected NSZM ceramics are presented in Table 2. Over the
emperature range 25–500 ◦C, the average CTE for NSZM and
SZM10B are 6.7 and 4.7 ppm/K, respectively. Both values are
roadly similar to, but less than, those for typical metallic con-
uctors: 16.7, 13.0 and 9.0 ppm/K for Cu, Ni and Pt respectively
50].
The effective CTE for a dual-phase ceramic, such as NSZM,
an be described by Levin’s equation [51]
∗ = (α1V1 +  α2V2) + (α1 −  α2)(1/K1 −  1/K2)
[
1
K∗
−
(
V1
K1
+ V2
K2
)]
(4)
here αi are thermal expansion coefficients of individual phases,
i are volume fractions of individual phases, Ki are the bulk
oduli of individual phases and K* is the effective bulk modu-
us of the heterogeneous material system. As expected, Eq. (4)
ndicates the importance of the volume fractions of individual
hases. It is noted above that NSZM10B exhibited a CTE of
.7 ppm/K; this is dominated by the ZnMoO4 primary phase
hich accounts for 83.9 vol% of the sample. Indeed Ehren-
erg et al. [52] reported a CTE value of 4.5 ppm/K for the end
ember ZnMoO4. In contrast, NSZM exhibited a much higher
TE of 6.7 ppm/K. This is attributed to the large proportion
f Zn3Mo2O9 secondary phase (43.5 vol%) which is inferred
o have a higher CTE value than ZnMoO4. Thus on the basis
f thermal matching with metallic conductors, the NSZM10B-
ype materials, with a higher content of Zn3Mo2O9, would be
referred as the CTE values are closer to those of metals.
.8.  Thermal  conductivity
Fig. 8 shows the thermal conductivity as a function of temper-
ture for NSZM-based ceramics. The thermal conductivities of
ll samples decreased with the increasing temperature in accor-
ance with the normal behaviour of insulating materials [53–55].
hilst the data for the samples prepared boron additions are very
imilar, it is clear that the thermal conductivity values for NSZM
re distinct and significantly lower. Since the NSZM samples
ontain a significant amount of Zn3Mo2O9 secondary phase the
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Fig. 8. Thermal conductivity as a function of temperature for NSZM ceramics
prepared with different amounts of B2O3.
Fig. 9. Thermal conductivity at 350 ◦C as a function of volume fraction of sec-
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may operate in the NSZM ceramics prepared without B2O3.ndary phase in NSZM ceramics. The inset shows the ZnO–MoO3–B2O3 glass
hase in the microstructure of the NSZM ceramic prepared with 2.0 wt% B2O3.
hermal conductivity of NSZM ceramics can be conveniently
nalysed in terms of the Maxwell Model [56]:
 =  k1 1 +  2φ((1 −  k1/k2 )/(2k1/k2 +  1))1 −  φ((1 −  k1/k2 )/(2k1/k2 +  1))
(5)
here κ is the effective thermal conductivity of the multi-phase
eramic, κ1 is the thermal conductivity of the primary phase
ZnMoO4), κ2 is the thermal conductivity of the secondary phase
Zn3Mo2O9) and φ  is the volume fraction of secondary phase.
In order to apply the Maxwell model to the NSZM data
equires thermal conductivities for ZnMoO4 and Zn3Mo2O9; as
hese have not previously been determined, they were obtained
y curve-fitting the experimental data: 1.55 for ZnMoO4 and
.45 W/(m K) for Zn3Mo2O9. Such low thermal conductivities
re usually attributed to highly disordered structures, which
ead to glass-like phonon scattering characteristics in the crys-
als [57,58]. Choi et al. [9] suggested that in the structure of
nMoO4, the small Zn2+ cation causes loosening of the cen-ral cation at the centre of its surrounding (MoO6)4− octahedra,
iving a distortion to the overall structure and thus low thermal
onductivity.
p
aCeramic Society 35 (2015) 3033–3042
Fig. 9 shows that the experimental thermal conductivity data
or NSZM samples at 350 ◦C as a function of second phase con-
ent. The chain-dotted line in the figure represents the values
redicted on the basis of the Maxwell model (equation 5). It is
lear that experimental data for samples prepared with less than
.0 wt% B2O3 fit well to values predicted by the Maxwell model.
owever, the experimental thermal conductivity of NSZM20B
eviated significantly from the value predicted by the Maxwell
odel, in spite of comparable density to other boron-containing
amples. The major difference between the NSZM10B and
SZM20B samples is the content of the glass phase (Fig. 3c
nd e); the amount and size of the glass phase is much larger in
he NSZM20B samples, with an approximate volume fraction
f 5 vol% and individual regions up to 10 m in size (Fig. 3d
nd inset of Fig. 9). It would appear that the presence of large,
rregularly shaped ZnO–MoO3–B2O3 ternary glass regions in
he NSZM20B samples (prepared with the largest amount of
oron) has had a significant impact, with the glass phase acting
s phonon scattering sites [57,59], reducing thermal conductiv-
ty to less than that predicted by the Maxwell model. However,
n important finding from the investigation is that all the NSZM
amples have low thermal conductivities, much lower than that
f alumina for example (24.7 W/(m K) [53]).
.  Conclusions
Stoichiometric ZnMoO4 (ZMO) ceramics could only be sin-
ered to 88% of theoretical density. As a result of a low melting
emperature eutectic in the ZnO–MoO3 system (at 710 ◦C)
here was rapid grain growth, with grains up to 100 m in size
nd significant internal porosity. In contrast, non-stoichiometric
inc molybdates 11ZnO–10MoO3, prepared with additions of
2O3, could be readily sintered to over 96% of theoretical den-
ity at 850–950 ◦C, giving rise to a two phase microstructure
ZnMoO4 and Zn3Mo2O9) with all grains less than 20 m in
ize. As the amount of B2O3 addition increased to 2 wt%, the
roportion of the secondary phase (Zn3Mo2O9) decreased con-
inuously (43.5 vol% in NSMZ to 11.5 vol% in NSZM20) and
 ternary glass (potentially 55ZnO–15MoO3–30B2O3) devel-
ped. It would appear that during cooling of the samples
nMoO4 was precipitated from the ternary glasses, enhancing
he proportion of the primary phase ZnMoO4.
Relative permittivities for all non-stoichiometric products
ere 9.2 to 10.7 ±  0.6 at 1 MHz. These values are dominated
y the primary phase ZnMoO4 (εr of 12.2 for fully dense mate-
ial) whilst the second phase Zn3Mo2O9 is inferred to have a
inimum εr of 7.1. With increasing B2O3 additions, high tem-
erature impedance analysis suggested a progression from a
rain boundary controlled process to a conduction mechanism
ontrolled by the grains, whilst activation energies for charge
elaxation decreased from 2.25 to 0.75 eV (with reduction in
econd phase). All activation energies are consistent with ionic
ransport, and it is speculated that Maxwell–Wagner polarizationWith increasing fraction of second phase in the NSZM sam-
les, the dielectric strength decreased from 17.6 to 14.3 kV/mm
nd the thermal conductivity decreased from 1.3 to 1.0 W/(m K).
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hus the presence of the glass phase in a microstructure
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